Linear and nonlinear wave phenomena and their influence on the discharge performance are considered in the helicon plasma (HP) and magnetized inductively coupled plasma (MICP). Magnetic field configuration is shown to result in strong variation in the efficiency of plasma production caused by alterations of the character of wave processes rather than by the particle confinement. Effects of magnetic configuration are found to be dominant in operation of the compact HP with permanent magnet. Low frequency turbulence in the megahertz range is revealed to be inherent for both the HP and MICP and to depend strongly on the magnetic configuration. Enhanced axial electric field arising in front of the metal end plate in the HP is argued to be a potential source of the nonlinear effects.
Introduction
Inductively coupled magnetized plasmas (ICMPs) are advanced tools for producing dense, low-temperature plasmas over a broad range of parameters. These devices are known in two basic configurations. A helicon plasma (HP) uses a shell antenna that envelops the dielectric discharge chamber and launches the rf power across the magnetic field [1, 2] . A magnetized inductively coupled plasma (MICP) operates with a flat antenna depositing the power through a dielectric window along the magnetic field [3] [4] [5] . The variety of these sources has been developed for applications and basic research, such as materials surface processing, space propulsion, decomposition of hazardous substances, modelling of space phenomena, etc (e.g. [2, [6] [7] [8] [9] [10] ) including the compact sources with permanent magnets (PMs) [11] [12] [13] [14] .
The operation of the ICMPs is governed by diverse linear and nonlinear processes stimulated by the waves that are excited directly, by the antenna, and indirectly, via inherent cooperative phenomena. By controlling these processes, one can increase the power absorption and improve plasma confinement, thus increasing the plasma output. Two methods reported to enhance plasma production in the HPs are based on linear properties of the waves at the fundamental frequency. The first permits doubling of the plasma density with the use of helical or phased antennas and originates from directional plasma production along the m = +1 helicon mode propagation [15] [16] [17] . The second method results in multifold increase of the plasma output in a nonuniform (converging) magnetic field [18] [19] [20] and is thought to arise from peculiarities of the group velocity and mode conversion of the helicon waves [20] . The effect of nonuniform magnetic field has to be especially strong in the compact ICMPs with PMs.
Other potentialities for controlling the source are nonlinear and turbulent processes. Nonlinear effects stimulated by the rf field in non-magnetized ICPs (see [21] and references therein) can also work in the ICMPs. Many extra effects can be caused by the presence of the magnetic field and by the wave excitation; e.g. electron drift current driven [22] and parametric [23, 24] instabilities. Recent experiments with the HPs have revealed the excitation of turbulence in the megahertz frequency range [25] [26] [27] [28] [29] [30] which can result in additional rf power absorption and particle heating [31, 32] . Turbulence excited by the drift instability in the range of tens of kilohertz is unwanted as it can worsen plasma confinement [33] . Ponderomotive force in the HP can have an influence on radial plasma stability [34] . Some nonlinear effects were also detected in the MICP, such as generation of the rf harmonics [35] . This paper briefly discusses some wave phenomena and argues their dominance over the discharge operation and potentiality to maximize the plasma output in the ICMPs with azimuthally symmetric (m = 0) antennas. In section 2, we describe the devices used in our investigations. The effect of magnetic field configuration on the operating regimes and the efficiency of plasma production is considered in section 3. In section 4, low-frequency turbulence in the large HP and MICP is characterized and the ponderomotive force predicted to arise near the metal end plate is analysed. In section 5, conclusions are drawn.
Experimental apparatus
The three devices used in the experiments are the large HP and MICP sources and the compact HP source. The large HP consists of a 14 cm diameter, 23 cm long quartz chamber attached to a stainless tube (see figure 1(a) and [20, 28] ). The source is excited at 13.56 MHz by a double-turn m = 0 antenna positioned 6 cm from the metal end plate. Two magnetic coils, the left and right ones with separately controlled currents (I left and I right , respectively) can create both the uniform and nonuniform magnetic fields. Measurements were performed with the use of electric and magnetic probes and the dipole antenna.
The MICP source consists of a 20 cm diameter, 30 cm long stainless chamber limited by the metal substrate table and the quartz window ( figure 1(b) ). The discharge is excited by a single-turn m = 0 antenna located above the window and powered from a 13.56 MHz generator. Three coils, the upper, medium and lower ones (the latter is situated 12 cm under the table and is not shown in figure 1(b)) with separately controlled currents (I up , I mid and I low , respectively) could create the magnetic field of variable configuration. Measurements were performed with radially movable electric and magnetic probes.
A compact HP source consists of a 4.5 cm diameter, 32 cm long quartz discharge chamber attached to a 14 cm diameter quartz drift chamber (figure 2(a)). The discharge was excited at 13.56 MHz by a three-or four-turn m = 0 antenna. The basic magnetic field was created by annular PMs made of barium ferrites magnetized along the axis; however, in the present experiment only the leftmost PM was installed. The magnetic field of the PM is strongly nonuniform, with null points (cusps) near the ends (figure 2(b)). To vary the magnetic configuration, we used the electromagnet (EM) with separate current control in three sections. Plasma parameters were measured by an axially movable probe.
Enhanced operating modes
Large HP. Strong increase of the plasma production and concomitant wave effects in the large HP with the nonuniform magnetic field were recently examined in detail [20] and the results are summarized here. Axial density profiles are shown in figure 3(a) for the uniform (both coils in figure 1(a) are equally powered producing 70 G) and nonuniform (I left = 0) fields. As the axial particle loss is dominant, plasma confinement worsens in the nonuniform case. So, the effect of density increase apparently results from alterations of the wave characteristics. Indeed, in the uniform case the rf B z field is radially large scale and relates to the helicon wave. In the nonuniform case, a small-scale wave structure is found to propagate from the antenna along the magnetic lines, as shown in the inset of figure 3(a). This structure is attributed to the transitional waves (between helicons and electrostatic waves) with perpendicular wave numbers k ⊥ ≈ δ −1 , where δ = c/ω pe is the collisionless skin size. Theory predicts that in the uniform case the absorption occurs mainly at the plasma periphery due to the surface mode conversion of the helicons into electrostatic waves [36] . In the nonuniform case, the surface mode conversion under the antenna is depressed if the inclination of magnetic lines to the plasma surface exceeds the critical angle θ ≈ ω/ω ce where ω and ω ce are the driving and cyclotron frequencies, respectively. As a result, the helicons penetrate deeper into the plasma and deposit the power closer to the centre. Together with the high electron conductivity along the magnetic lines, this effect is thought to enhance the plasma production. One can see in figure 3 (b) the hot electron layer that extends from the antenna along the magnetic lines and is a principal factor in the ionization.
Magnetized ICP. The MICP is even more sensitive to the magnetic configuration. The plasma density as a function of B produced by only the upper coil (figure 4(a)) first grows sharply and then varies with multiple jumps until a discharge disruption occurs at a critical field. The density grows twice if all the three coils are engaged to produce B converging from the antenna along the whole device (see figure 7(a) ). The radial density profile is centrally peaked in the high density mode that arises at lower B as a 'blue mode' with a bright core. Theory predicts the density jumps to originate from sharp resonances of the wave eigenmodes that are combined by the helicons and evanescent surface waves localized at the plasma-quartz interface. Computed plasma loading resistance as a function of density is smooth at low B, but at B > 20 G it acquires high and narrow peaks corresponding to the eigenmodes with axial wavelengths λ ≈ 4L/(2p+1) where L is the device length and p an integer. So, the source with the metal chamber is a high-Q resonator for the waves. The reason is that the mode conversion of the helicons into electrostatic waves, which occurs in the HP mainly near the nonconducting chamber walls and results in strong helicon damping, is depressed in the MICP. The density variation theoretically predicted from the power balance (figure 4(b)) satisfactorily correlates with the experimental behaviour.
Compact HP. Effects of the magnetic configuration are especially important in the compact source with the PM (figure 2(a)) because strong field nonuniformity with the null points (cusps) can impede the wave propagation and plasma flow. To find an optimal configuration, we tried the PM and EM in various combinations. At first, the PM was removed and only the EM was used to verify that the effect of enhanced plasma production is inherent to the compact HP as well as to the large HP. Figure 5 (a) shows magnetic profiles for equal currents in all the EM coils (curve A) and for two opposite currents in the right section (curves B and C) chosen so as to provide the field cusp on the right or left from the antenna. As seen from the respective profiles of the ion current in figure 5(b) , the plasma production is directional and enhanced if the antenna is placed in a weaker field (cases B and C). The discharge burns into the stronger field and can be switched from the left to the right by displacing the cusp relative to the antenna. Next, the PM was installed and used either alone or in combination with the left EM section, to eliminate the cusp ( figure 5(c) ). The respective profiles in figure 5(d) show that the ion current peaks under the antenna and little plasma escapes the source with the PM alone. With the EM engaged, the plasma density increases and peaks under the PM, resulting in much better plasma ejection from the source. Though detailed measurements were not conducted, the effect of magnetic configuration in the compact HP is so similar to that in the large HP that its physical origin is thought to be the same.
Nonlinear wave phenomena
Low-frequency turbulence in the large HP. Our recent experiments with the m = 1 HP have revealed ion acoustic (IA) turbulence whose spectrum falls with frequency and has a half-width about 1 MHz [28] . The spectrum of turbulence in the m = 0 HP has the same width but a different shape. In the uniform field, a wide peak occurs around the lower hybrid frequency. A narrow peak, independent of B, occurs at 150 kHz ( figure 6(a) ). Oscillations show quite long azimuthal correlation at any frequency (see the inset in figure 6(a) ), but a short radial correlation. The waves propagate along the electron gyration with phase velocities somewhat above the IA velocity, which can result from oblique propagation relative to the line between the probe tips, and/or from parametric increase of the frequency. Turbulence has comparable intensities in the uniform and nonuniform B cases but different spatial distributions. In the uniform B case, the intensity is maximal under the antenna and has a long peripheral peak parallel to the wall ( figure 6(b) ). In the nonuniform B case ( figure 6(c) ), the distribution is aligned with the magnetic lines and has a slight peak under the antenna and a stronger downstream peak around the location of the small-scale wave structure at the fundamental frequency (cf the inset in figure 3(a) ). The amplitude of turbulence pulsations estimated from the noisiness of the ion saturation current is δn/n ≈ 0.05; i.e. twice less than when m = 1 HP [28] . Low-frequency turbulence in the MICP. Variation of the plasma density with the upper coil current I up (see figure 1(b) ) and the low-frequency spectra at various I up were measured at the same position in the MICP by the lower probe (figure 7). One can see two different regimes of the excitation of low-frequency oscillations. At low I up , the spectrum is narrow and has a 200 kHz peak that first grows with I up but then disappears (at I up ≈ 30 mA). In this regime, oscillations show quite good azimuthal correlation and phase velocities 1.5-2 times exceeding the IA velocity. At higher I up , a wide-band spectrum arises; it broadens out with growing I up and includes a wide peak moving to higher frequencies. Oscillations in this regime are much more intense and short-correlated. As the appearance of the wide-band spectrum correlates with the sharp increase of the rf field at the same position ( figure 7(a) ), it can be attributed to a parametric instability.
Field enhancement and ponderomotive effect near the metal surfaces. Intense nonlinear effects in the ICMPs are expected in the edge layer in front of metal surfaces transverse to the magnetic lines. Figure 8(a) shows the rf E z field measured by the dipole antenna along the axis of the large HP, under uniform B. The field tends to grow rapidly towards the metal end plate (z = 0). The value of 4 V cm −1 measured in the final available point is already strong enough: the electron oscillatory velocity v z = eE z /m e ω ∼ v te , the thermal velocity.
The E z field in the m = 0 plasma is maximal near the axis where it can be expressed as 1/2 where δ = c/ω pe , H θ ≈ const within the layer and, therefore, F z ∼ n −1 , which is a simple consequence of the j z current continuity. Computed profile of E z fits well with the measured one ( figure 8(a) ). (Note that the field enhancement is also expected near the metal bottom plate of the MICP.) In strong E z field the electron motion becomes quasi-one-dimensional. If the rf electron excursion is less than z, the nonlinear force acting on the electron is reduced to the adiabatic ponderomotive force, f pond ∼ F 2 z ∼ n −2 . In the averaged momentum equation, this force can be combined with the thermal pressure to yield the effective pressure which is shown as a function of density in figure 8(b) . Below a critical density the plasma is unstable, ∂p eff /∂n < 0; i.e. any density drop increases the pressure which gives rise to further plasma extrusion and concomitant field enhancement. So, the edge layer with n < n cr can undergo the nonlinear instability whose saturation is expected under violation of the adiabatic condition and/or owing to phenomena like stochastic electron heating, parametric instabilities, etc.
Conclusions
Magnetic field configuration is a powerful means for maximization, at a fixed input power, of the plasma output in the ICMPs. The effect results from alterations in the wave performance rather than in particle confinement. In the HP, the plasma density grows from the antenna into the converging field, which was argued to result from propagation characteristics of the helicons and peculiarities of their mode conversion in plasma with the density gradient nonperpendicular to the magnetic lines. In the MICP, the plasma density is maximal at lower magnetic fields, increases in converging magnetic field and varies with jumps at increasing B, which are thought to arise from alternation of the cavity eigenmodes. Substantial growth of the plasma outflow in the compact HP with the PM was attained by eliminating the field cusps with the use of the EM. Favourable magnetic configuration may hopefully be reproduced using only PMs.
Ion acoustic turbulence in the megahertz range was detected in both the HP and the MICP. Its spectrum broadens with increasing magnetic field and spatial distribution depends strongly on the magnetic configuration. In the HP with nonuniform field, the peak of turbulence intensity correlates with the density peak; however, the role of turbulence in the discharge performance is not yet clear. Axial rf electric field in the HP demonstrates a strong increase towards the metal end plate. This is expected to drive various nonlinear and stochastic processes and to influence the edge plasma stability.
